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ABSTRACT
We simulate a coronal mass ejection (CME) using a three-dimensional magnetohydrodynamic (MHD)
code that includes coronal heating, thermal conduction, and radiative cooling in the energy equation.
The magnetic flux distribution at 1 Rs is produced by a localized subsurface dipole superimposed on
a global dipole field, mimicking the presence of an active region within the global corona. Transverse
electric fields are applied near the polarity inversion line to introduce a transverse magnetic field,
followed by the imposition of a converging flow to form and destabilize a flux rope, producing an
eruption. We examine the quantities responsible for plasma heating and cooling during the eruption,
including thermal conduction, radiation, adiabatic effects, coronal heating, and ohmic heating. We
find that ohmic heating is an important contributor to hot temperatures in the current sheet region
early in the eruption, but in the late phase adiabatic compression plays an important role in heating
the plasma there. Thermal conduction also plays an important role in the transport of thermal energy
away from the current sheet region throughout the reconnection process, producing a “thermal halo”
and widening the region of high temperatures. We simulate emission from solar telescopes for this
eruption and find that there is evidence for emission from heated plasma above the flare loops late
in the eruption, when the adiabatic heating is the dominant heating term. These results provide
an explanation for hot supra-arcade plasma sheets that are often observed in X-rays and extreme
ultraviolet wavelengths during the decay phase of large flares.
Keywords: sun: flares, sun: coronal mass ejections, sun: activity
1. INTRODUCTION
Solar eruptions such as flares and CMEs are dynamic
events responsible for the release of energy that can be
on the order of 1032 ergs (e.g., Forbes 2000). This en-
ergy is stored in the form of magnetic energy prior to
the eruption due to stresses in the Sun’s magnetic field.
During the eruption, this stored energy is converted to
thermal energy of the heated plasma, non-thermal ki-
netic energy that accelerates particles, and the bulk ki-
netic energy of the resulting CME. How this energy is
converted and transported, resulting in the observable
emission from the Sun during solar eruptions, is an ac-
tive area of current research.
kreeves@cfa.harvard.edu
An observable consequence of the energy release in so-
lar eruptions is the heating of the plasma in the current
sheet region and in the reconnected flare loops that form
below an erupting CME. Hot plasma sheets have been
observed above flare arcades (often referred to as “supra-
arcade” plasma sheets) in X-rays and extreme ultravio-
let (EUV) wavelengths (McKenzie & Hudson 1999; Sav-
age et al. 2012) with temperatures on the order of 10 MK
(Innes et al. 2003; Reeves & Golub 2011; Hanneman &
Reeves 2014; Reeves et al. 2017; Warren et al. 2018).
These plasma sheets are sometimes seen connecting the
flare loops and the erupting CME (e.g. Reeves & Golub
2011; Yan et al. 2018), and they are believed to be re-
lated to the current sheet formed during the eruption of
a magnetic flux rope. These structures persist for long
times in the late phase of an eruption (e.g. Hanneman
& Reeves 2014; Savage et al. 2012), lasting much longer
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than the conductive cooling time (Reeves et al. 2017).
This finding indicates that there must either be some
heating mechanism in the vicinity of the current sheet
that keeps the plasma from cooling, or a suppression of
the thermal conduction in this region (or both). Ad-
ditionally, spectroscopic observations demonstrate that
the plasma in these regions have coronal abundances, as
opposed to the photospheric abundances that exist in
the flare loops (Landi et al. 2012; Warren et al. 2018),
indicating that supra-arcade plasma is coronal in origin.
A handful of numerical simulations have been per-
formed with the goal of understanding how heating in
the flare and current sheet region occurs. Work by
Yokoyama & Shibata (1997, 2001) and Chen et al. (1999)
using two-dimensional (2D) flare simulations find that
the addition of thermal conduction into the simulation
broadened the area of high temperature around the cur-
rent sheet. This effect has also been seen in an analytic
treatment of the current sheet region (Seaton & Forbes
2009) and a 2.5D global CME simulation (Reeves et al.
2010). The simulations by Yokoyama & Shibata (1998,
2001) also show that thermal conduction can cause en-
ergy to be deposited in the chromosphere, creating a
pressure imbalance and driving plasma into the flare
loops, a process commonly referred to as “chromospheric
evaporation.”
Several authors have used 2D or 2.5D simulations to
investigate how the energy is partitioned in the recon-
nection region during an eruption. Magara et al. (1996)
find that magnetic energy is efficiently converted into
bulk kinetic energy of the erupting plasmoid, especially
in a case approximating efficient thermal conduction. A
similar result was found by Hirose et al. (2001), who
determined that most of the magnetic energy in their
simulation is converted into kinetic energy of the CME
via the Lorentz force, and the heating of the flare loops
is achieved via adiabatic plasma compression. Ohmic
dissipation does not contribute a large amount to the
increase in internal energy in the simulation because it
occurs in a small region. On the other hand, Ugai (2007)
found that Ohmic heating can be responsible for heating
the chromosphere enough to drive chromospheric evap-
oration. In a simulation that includes thermal conduc-
tion and radiation in the energy equation, Reeves et al.
(2010) find that the bulk of the energy flow in the di-
rection of the flare loops is in the form of thermal con-
duction flux, and the energy flow in the direction of the
CME is the Poynting flux associated with the azimuthal
magnetic field early in the eruption, and kinetic energy
flux at later times.
Birn et al. (2009) use a 3D MHD simulation with a
simplified energy equation to follow the energy conver-
sion in a flare. Considering stretched arcade-like mag-
netic configurations, they trigger flare reconnection by
imposing localized finite resistivity within the current
sheet. They find that below the reconnection site, the in-
coming Poynting flux is largely converted into enthalpy
flux, and in the CME direction it is largely converted to
kinetic energy flux. The energy of the outgoing enthalpy
flux in the downward case is produced by a two-step pro-
cess where the plasma is accelerated by the Lorentz force
and then decelerated by pressure gradients, resulting in
adiabatic heating in layers that extend along the current
sheet. They also find that there is only a small increase
of ohmic dissipation during the fast energy release in the
eruption, indicating that the ohmic heating plays a rel-
atively minor role in the heat transport and dissipation
in this simulation.
To our knowledge, no thorough accounting of the en-
ergy release and transport has been done in a three-
dimensional (3D) simulation that includes a realistic en-
ergy equation and a self-consistent modeling of current-
sheet formation and flare reconnection. In this paper, we
describe a simulation of a CME and the associated flare
with a 3D code that includes conduction, radiation, and
coronal heating in the energy equation, and we exam-
ine the resulting energy release processes in the vicinity
of the flare and current sheet. The numerical model is
described in Section 2. An overview of the simulated
eruption is given in Section 3. The results of the energy
partition analysis is given in Section 4, and simulated
EUV and X-ray emission images are given in Section 5.
Discussion and conclusions are presented in Section 6.
2. MODEL DESCRIPTION
For this simulation, we use the coronal MHD code
MAS developed by Predictive Science Inc. (see Ap-
pendix A in To¨ro¨k et al. 2018 and references therein),
considering the same configuration as Model v1 in Mikic´
et al. (2013). The code solves the following MHD equa-
tions in spherical coordinates:
∇×B= 4pi
c
J, (1)
1
c
∂B
∂t
=−∇×E, (2)
E+
1
c
v ×B= ηJ, (3)
∂ρ
∂t
+∇·(ρv) = 0, (4)
ρ
(
∂v
∂t
+ v·∇v
)
=
1
c
J×B−∇p
+ρg +∇ · (νρ∇v), (5)
1
γ − 1
(
∂T
∂t
+ v · ∇T
)
=− T∇ · v + m
2ρkB
S. (6)
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Figure 1. The radial magnetic field (Br) distribution at the lower boundary of the simulation (1 Rs), shown in the black
and white color table for the full Sun (top row) and a close up of the portion of the Sun indicated by the white box (bottom
row). Orange arrows on the bottom row of plots show the transverse field Bt = (Bθ, Bφ). The left column shows the field at the
beginning of the simulation (to show the initial magnetic field and boundary condition), the middle column shows the field after
the transverse electric field emergence and subsequent relaxation, and the right column shows the field just before the eruption
begins. The red line in the bottom row of plots indicates the location of the cut plane used in Section 3.
In the above equations, B is the magnetic field, J is the
electric current density, E is the electric field, ρ, v, p,
and T are the plasma mass density, velocity, pressure,
and temperature, respectively, g = −g0rˆRs2/r2 is the
gravitational acceleration (where Rs is the solar radius),
η is the resistivity, ν is the kinematic viscosity, γ = 5/3
is the ratio of specific heats, kB is Boltzmann’s constant,
m is the proton mass, and S contains terms due to con-
duction, radiation, ohmic heating, and coronal heating.
The resistivity η is uniform throughout the simulation
volume, and is set via the Lundquist number (SL) which
has a value of 106. The Lundquist number is defined as
SL = τR/τA = 4piR
2
s/τAηc
2. A typical Alfve´n speed at
the base of the model corona is VA = 480 km s
−1 (cor-
responding to |B| = 2.2 G and n0 = 108 cm−3), giving
an Alfve´n crossing time (τA) of 1446 s for a distance of
1 Rs and a resistive diffusion time of τR = 4× 105 hr.
The terms in S in Equation (6) are given by
S = −∇ · q− n2Qrad(T ) +Hη +Hch (7)
where −∇·q describes the heat transport due to thermal
conduction, −n2Qrad(T ) describes losses due to radia-
tion, and Hη and Hch are heating terms due to ohmic
dissipation and coronal heating, respectively. The ther-
mal conduction term is collisional (i.e., Spitzer) in the
lower corona, and collisionless (see Hollweg 1978) higher
up (Lionello et al. 2001), as prescribed by the following
equations:
q =
{
−κ0T 5/2bˆbˆ · ∇T r . 10Rsun
1
(γ−1)nekTv r & 10Rsun
(8)
where κ0 = 9 × 10−7 erg K−7/2 cm−1 s−1 and bˆ is
the unit vector along the magnetic field. The function
makes a smooth transition between the two forms of
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conduction, with the contribution from the collisional
conductivity varying as 0.5(1 − tanh[0.2r − 2]) and the
contribution from the collisionless conductivity varying
as 0.5(1 + tanh[0.2r − 2]), where r is in solar radii.
In Equation (7), Qrad(T ) is a standard radiative loss
function that has a maximum near 105 K (see Athay
1986), and n is the electron number density (which is
taken to be the same as the proton number density
in the case of a hydrogen plasma). The ohmic heat-
ing term is given by Hη = ηJ
2. The mechanism that
heats the corona is currently unknown, so for the coronal
heating term Hch, we use an empirical three-part func-
tion containing an exponential heating term, a term de-
signed to simulate heating along polarity inversion lines
in the quiet sun, and an active region heating term. The
form of this heating equation is given in Lionello et al.
(2009), and that work showed that this three-part heat-
ing function gives reasonable results when comparing to
observed emission from EUV and X-ray telescopes.
The techniques used to solve Equations (1)–(7) have
been discussed in detail elsewhere (Mikic´ & Linker 1994;
Linker & Mikic´ 1997; Lionello et al. 1999; Mikic´ et al.
1999; Linker et al. 2001; Lionello et al. 2001; Linker et al.
2003). We note that solutions to these equations include
a numerical technique to artificially broaden the tran-
sition region without affecting the coronal part of the
solution in order to avoid strong gradients in the tran-
sition region (Lionello et al. 2009; Reeves et al. 2010).
In order to achieve this broadening effect in the tran-
sition region, κ is increased and Q(T ) is decreased at
low temperatures such that that the product κ(T )Q(T )
is unchanged. In our simulation, for temperatures be-
low Tc = 500,000 K, κ(T ) is multiplied by a factor of
(Tc/T )
2.5 and Q(T ) is divided by that same factor so
that κ(T )Q(T ) remains constant.
The boundary condition at 1 Rs is a magnetic flux
distribution produced by a localized subsurface dipole
superimposed on a global dipole field to mimic the pres-
ence of an active region within the global corona. The
latitude and orientation of the dipole are similar to those
of NOAA active region number 8038 which produced a
CME and an associated C1.3 class solar flare on 12 May
1997. The observations of this event have been well-
studied (e.g. Thompson et al. 1998; Webb et al. 2000; At-
trill et al. 2006) and several different groups have mod-
eled it (e.g. Wu et al. 2007; Cohen et al. 2008; Titov
et al. 2008). We use a more simplified magnetic field
distribution at 1 Rs than in previous models of the 12
May 1997 event, in order to investigate a configuration
based on a realistic case without introducing unneces-
sary complexity. The left column of Figure 1 shows the
global radial magnetic field at the photosphere in the
top row along with a close-up showing detail in the ac-
tive region in the bottom row. In this figure, the black
and white color table represents the radial magnetic field
(Br) at the lower boundary and the orange arrows indi-
cate the transverse magnetic field Bt = (Bθ, Bφ). The
upper radial boundary is at 20 Rs, where the flow is
supersonic and super-Alfve´nic, and the boundary con-
ditions are such that only outgoing waves are permitted,
allowing plasma and magnetic fields to flow freely out of
the simulation domain. A full accounting of the bound-
ary conditions and their implementation can be found in
Linker & Mikic´ (1997); Mikic´ et al. (1999); Linker et al.
(2001).
The equations are solved on a non-uniform, spherical
mesh of size 356 × 351 × 261 (r,θ,φ) mesh points, with
the smallest grid scales located in areas of interest. The
smallest mesh cells in the r direction are ∼63.6 km, and
they are located near the lower boundary, from r = 1Rs
to r = 1.0146Rs. The smallest mesh cells in θ and φ
are located in the active region. The smallest θ mesh
cells cover ∼0.11665 degrees of latitude, and are located
between 12.7241 degrees and 33.3715 degrees latitude.
The smallest φ mesh cells cover ∼0.11490 degrees of
longitude, and are located between 135.300 degrees and
142.194 degrees longitude.
The initial conditions for the simulation are as follows.
The initial magnetic field is a potential field derived from
the Br distribution shown in the upper left panel of Fig-
ure 1. The initial temperature, density, and velocity of
the plasma are given by a spherically symmetric solar
wind solution for the specified heating. The MHD equa-
tions are integrated in time until a quasi-steady MHD
solution is reached at t = 122.5τA (i.e., 49.2 hrs). An
idealized solar minimum configuration is formed, with a
streamer belt and polar coronal holes. We refer to this
phase of the simulation as the relaxation phase.
3. OVERVIEW OF SIMULATED ERUPTION
The goal of this simulation is to store energy in the
magnetic field and then trigger its rapid release, caus-
ing an eruption. After the initial relaxation, the mag-
netic field in the active region is still close to a potential
state. There are several methods for achieving ener-
gization of the field, including imposing a converging or
shear flow at the active region (e.g. Mikic´ & Linker 1994;
Reeves et al. 2010; Karpen et al. 2012), driving a flux
rope through the lower boundary (e.g. Fan & Gibson
2003, 2007; Fan 2011, 2016; Dacie et al. 2018), or in-
serting a flux rope into a pre-existing background field
(e.g. van Ballegooijen 2004; Savcheva et al. 2012; To¨ro¨k
et al. 2018). The eruption can be triggered in a variety
of ways, including an ideal MHD instability such as the
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Figure 2. Field lines (white/blue/black) showing the flux rope, and isovolumes of |J |/|B| (pink/purple) indicating the location
of the current sheet at several different times during the eruption. Top row: view looking nearly perpendicular to the axis of the
flux rope. Bottom row: view from the top. The radial B field at the surface is also shown in black and white. |J |/|B| isovolume
contours are given in normalized code units. (An animation of this figure is available.)
kink instability (e.g. To¨ro¨k & Kliem 2005), or a loss of
equilibrium brought on by boundary flows (e.g. Lin &
Forbes 2000; Reeves & Forbes 2005; Reeves et al. 2007),
flux emergence (Chen & Shibata 2000; Lin et al. 2001),
or cancelling flux at the active region (e.g. Reeves et al.
2010; Amari et al. 2010). An extensive compilation of
eruption trigger mechanisms can be found in Green et al.
(2018).
In our simulation, we energize the fields by introduc-
ing a transverse magnetic field, Bt, along the polarity
inversion line in the active region. This process is accom-
plished by applying a transverse electric field Et = ∇Φt
at the boundary r = Rs. We specify Φ such that
the injected Bt is aligned along the polarity inversion
line, causing stress in the fields. The transverse field
“emergence” begins at t = 122.5τA and continues until
t = 152.5τA. The field is then allowed to relax until
t = 155τA. The middle column of Figure 1 shows Br
(black and white image) and Bt (orange arrows) at the
end of this relaxation phase. The orange arrows outline
the sheared, non-potential fields that have been intro-
duced to the active region. The addition of Bt does not
modify Br at the photosphere, as can be seen by com-
paring Br in the left and middle panels of Figure 1. At
the end of the relaxation phase at t = 155τA, there is not
much twist in the newly emerged non-potential field, ex-
cept for a small amount that is created by reconnection
between the emerging flux and the pre-existing potential
field.
At t = 155τA, flux cancellation is initiated by impos-
ing converging flows, together with photospheric diffu-
sion (e.g. Amari et al. 2010; Bisi et al. 2010; Mikic´ et al.
2013). As it progresses, the flux cancellation adds the
majority of the twist to the emerged fields, forming the
flux rope (e.g. van Ballegooijen & Martens 1989). The
right column of Figure 1 shows the magnetic field config-
uration at the surface after the flux rope has formed and
just before the eruption, at t = 169.125τA. The orange
arrows in the bottom right panel of Figure 1 are pointed
opposite from the potential field configuration shown in
the bottom left panel. This configuration is the signa-
ture of a “bald patch” (Titov et al. 1993) magnetic field
configuration, which is sometimes seen in observations
(e.g. Lo´pez Ariste et al. 2006; Liu et al. 2019), and is
indicative of the formation of a coronal flux rope above
the polarity inversion line.
Figure 2 shows magnetic field lines and isovolume sur-
faces of |J |/|B| for the simulation just before and dur-
ing the eruption. Just before the eruption occurs, at
t = 169.125τA, the magnetic field lines outlining the flux
rope have taken on an inverse-S shape, and the current
sheet also has this shape, which is common in 3D simula-
tions of flux ropes (e.g. Fan & Gibson 2004; Gibson et al.
2006) and sigmoidal active regions (e.g. Savcheva et al.
2014). As the flux cancellation progresses, at around
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at t = 170τA, the flux rope loses stability and begins
to erupt. During the main part of the eruption (e.g.
at t = 172.629τA in Figure 2) the strongest parts of
the current sheet are in the center of the active region,
where the overlying field lines are stretched the most.
At about t = 173.5τA, when the flux rope has already
reached a significant height, the current sheet structure
begins to rotate clockwise as viewed from above. This
rotation can be seen in the lower right panel of Figure
2 at t = 174.126τA, where the southern part of the cur-
rent sheet structure has moved to the left with respect
to the previous panel, and the northern part of the cur-
rent sheet has moved to the right (see also the movie
that accompanies Figure 2). The current sheet is quite
curved at this point, wrapping around the legs of the
erupting CME.
We note that, since our flux rope has left-handed twist
(negative helicity), the direction of the rotation is oppo-
site to what is expected from the conversion of flux-rope
twist into writhe (e.g., Green et al. 2007; To¨ro¨k et al.
2010). Indeed, rotation due to twist conversion should
occur right from the onset of the eruption, which is not
the case here, indicating that this effect does not play
a role in our eruption. Rather, the rotation may be
caused by the interaction of the flux rope with the large-
scale dipole field, once the rope has ascended to a height
at which this field becomes significant. The large-scale
dipole field runs from north to south in our model and
therefore constitutes an external shear field for the flux
rope, the presence of which can induce rotation (Isen-
berg & Forbes 2007; Kliem et al. 2012). We will leave
this question, which is not relevant for the analysis pre-
sented here, to a later investigation.
Figure 3 shows the emission measure (EM), EM-
weighted average temperature (TEM ), and a slice of the
radial velocity, vr, for two times during the eruption.
The emission measure is given by
EM =
∫
n2dl (9)
where n is the number density of the plasma and l is the
line of sight distance. TEM is given by
TEM =
∫
Tn2dl
EM
(10)
where T is temperature. The vr slice is taken at a lon-
gitude of 138.5 degrees, which cuts through the center
of the magnetic bipole, and insets in the vr panels show
a close up of the reconnection region in order to show
more detail there. The vr plots also show contours of
the EM-weighted line-of-sight velocity (vLOS) in order
to indicate motion out of the plane of the image, which
is given by
vLOS =
∫
v · ˆ`n2dl
EM
(11)
where v is the velocity vector and ˆ` is a unit vector in
the direction of the line of sight. In the vr plots, purple
(positive) indicates velocity radially away from the Sun,
and green (negative) indicates velocity radially towards
the Sun. For the vLOS contours, purple (positive) indi-
cates velocity into the page (away from the observer),
and green (negative) indicates velocity out of the page
(towards the observer).
The flux rope is visible in both the EM and TEM plots
in Figure 3, and the effects of the aforementioned clock-
wise rotation can be seen by comparing the two times.
At t = 173.126τA the flux rope is dense and cool, so
it shows up as a bright structure in the EM plot and
as a blue structure in the TEM plot, indicating an EM
weighted average temperature of 0.6 - 1 MK. At this
time the flux rope axis is approximately parallel to the
image plane. At t = 175.251τA, the flux rope has ex-
panded and rotated so that the axis is more along the
line of sight, and the flux rope appears as a large, some-
what faint tear-drop shaped structure in the EM plot.
The EM weighted average temperature of the flux rope
is about 0.6 MK, as seen in the TEM plot. The vLOS
contours in the right panels show that the motion of the
flux rope during the eruption is angled towards the ob-
server, resulting in a line of sight velocity on the order
50 km s−1 at the first time, and 150 km s−1 later in the
eruption. The flux rope has a radial velocity of about
100 km s−1 at the earlier time, and a radial velocity of
200-250 km s−1 at the later time. These high radial ve-
locities are not visible in the lower right panel of Figure
3 because the CME has rotated out of the plane at 138.5
degrees longitude.
Underneath the flux rope, magnetic fields reconnect
and form the flare loops. These reconnected loops show
up as features with high EM values low in the corona
in Figure 3. At the earlier time in Figure 3, the tem-
peratures in this region are still relatively cool, though
there is some hotter (∼3 MK) plasma low down that
is difficult to see in this global view (see the discussion
in later sections for more details). At the later time,
there is a prominent area of plasma with temperatures
≥2 MK low in the corona, indicating that significant
and widespread heating has occurred. Opposing flows,
as would be expected in a reconnection outflow, are seen
in the insets for the vr images at both times, with out-
flow speeds up to 200 km s−1. The vLOS contours at
the earlier time also show opposing flows along the line
of sight low in the corona, with much smaller velocities
in the range of 5-10 km s−1. This velocity indicates that
Plasma Heating in the Current Sheet in a 3D CME Simulation 7
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Figure 3. Log of the emission measure (EM, left), log of the EM-weighted temperature (TEM , middle), and a radial velocity
(vr) slice in a plane at a longitude of 138.5 degrees (right) for two times during the eruption. The vr plot also shows contours for
the EM-weighted line-of-sight velocity (vLOS) . For the vLOS contours, green contours indicate velocities towards the observer.
The box indicates the field of view of the inset in the vr panels, as well as the field of view for Figures 8-12.
the reconnecting structure is tipped slightly towards the
observer, so that there is a small component of the re-
connection outflow in the line of sight direction as well.
The vr inset at the later time shows loop-like features
near the Sun, with small downward velocities of 5-10 km
s−1, and the vLOS contours at this time show a loop-like
structure with a small velocity of 5-10 km s−1 away from
the observer (purple contours). These features indicate
newly reconnected loops that are tilted towards the ob-
server and are shrinking and becoming more potential,
as has been seen in observations (e.g. Forbes & Acton
1996; Reeves et al. 2008).
4. ENERGY DIAGNOSTICS
The global magnetic energy integrated over the sim-
ulation volume is plotted in Figure 4a. The energy in-
creases from 2.49×1032 ergs to 2.96×1032 ergs during
the relaxation phase due to the influence of the solar
wind, which tends to open previously closed field lines.
The magnetic energy increases more steeply during the
time period where transverse field is introduced, up to
3.22×1032 ergs. After the end of that phase, the energy
decreases slightly as the simulation is allowed to relax.
During the flux cancellation phase, the energy increases
to a maximum of 3.27×1032 ergs at about t = 170τA,
when the eruption begins, and decreases to 3.09×1032
ergs during the eruption.
A global energy diagnostic, similar to the one devel-
oped for the 2D simulation in Reeves et al. (2010), is
shown in Figure 4b. This diagnostic is the sum of the
global magnetic, internal, and kinetic energies, viscous
dissipation, work done against gravity, changes in en-
ergy due to radiation and heat sources, and the energy
deposited in or carried away from the simulation domain
due to flows, e.g., conductive flux, kinetic energy flux,
enthalpy flux, and Poynting flux. A constant value of
this diagnostic as a function of time indicates that en-
ergy is conserved in the simulation. Figure 4b shows
that the calculated total energy after the eruption is
∼0.056 ×1032 ergs less than the value at the end of the
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Figure 4. Panel a) shows the evolution of the total mag-
netic energy over the entire simulation domain, with different
phases of the simulation demarcated by vertical lines. Panel
b) shows the energy conservation diagnostic (solid line), the
heating due to numerical dissipation in the code (dashed line,
shifted up by 5.54×1032 ergs for display purposes), and the
sum of these two terms (dotted line). Vertical lines show the
beginning and ending of the flux cancellation phase.
field emergence phase, so some energy is being lost due
to numerical dissipation.
We estimate the coefficient of numerical diffusion in
the code due to “upwinding” with the following equa-
tion:
νN =
∑
i=r,θ,φ
vi∆xi
2
(1− vi∆t/∆xi) (12)
where ∆xi is the grid spacing for the ith dimension, i.e.
(∆r, r∆θ, r sin θ∆φ), vi is the plasma velocity in the cell
in the ith dimension, and ∆t is the time step in the
code. Because of the variable size mesh, the magnitude
of νN varies over the simulation domain, but in the re-
gion we are interested in, it is on the order of 10−4 or
less. We calculate the excess viscous heat produced by
the numerical diffusion using the equation
Hnvisc = ρνN
(
1
2
eijeij − 2
3
(∇ · v)2
)
(13)
where eij is the rate of strain tensor. Integrating equa-
tion 13 over volume and time gives the amount of energy
lost to numerical diffusion over the simulation volume.
We plot this value in Figure 4b, shifted up by a constant
value so that it is visible on the plot. The sum of our
energy diagnostic and the energy lost because of viscous
heating due to the numerical diffusion is also plotted
in Figure 4b. The sum is nearly constant over the flux
cancellation phase, indicating that our estimate of the
numerical losses in the code is quite accurate.
4.1. Energetics in the current sheet
The background magnetic field configuration is not
perfectly symmetric in the simulation, since the sub-
photospheric dipole that was used to produce the active
region is slightly tilted, and the region is located in the
northern hemisphere, where the global background field
is positive. This configuration leads to an eruption that
is somewhat asymmetric and deflects to the east of the
active region, as can be seen in Figure 2 and indicated
by the vLOS contours in Figure 3. Nevertheless, it is
instructive to examine various quantities in a plane that
is perpendicular to the polarity inversion line that cuts
through the center of the flux rope. The location of
the plane at 1 Rs is shown superimposed on the radial
magnetic field in Figure 1. The plane extends from 1-1.2
Rs in the radial direction. The global plots in Figure 3
show that the CME extends past the upper radial edge
of this plane at 1.2 Rs, especially at later times, but here
we will focus on the heating that occurs during the flare
and in the lower part of the current sheet.
Figure 5 shows the evolution in the perpendicular
plane of the temperature, density, radial velocity, and
the magnetic field and current normal to the plane. This
method of displaying the simulation results reveals fea-
tures familiar from 2D simulations. A cool and dense
region of plasma forms the erupting flux rope, with a
heated current sheet forming beneath it. The evolu-
tion of these features is fairly smooth in the early stages
of the eruption, but starting at about t = 173τA, the
current sheet region starts to form dense plasmoid-like
structures along its length. These structures are also vis-
ible in the magnetic field normal to the cut plane, and
they are close in size to the grid spacing of the simulation
at the location of the current sheet. Insets highlighting
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these structures are shown in the density and Bn im-
ages in Figure 5, with arrows indicating their locations.
It is worth noting that these structures are not strictly
plasmoids as appear in 2D simulations, but rather rope-
like regions of enhanced temperature and density that
extend out of the page. However, we will refer to them
as “plasmoids” henceforth for the sake of brevity.
In order to understand how the plasma is heated in
the current sheet region, we rewrite Equation (6) in the
following way:
∂T
∂t
= −v · ∇T − (γ − 1)T∇ · v + m(γ − 1)
2ρkB
S (14)
The sources and sinks of the change in temperature in
this equation are the adiabatic term, which is given by
−(γ−1)T∇·v, and the ohmic heating, coronal heating,
and radiation terms encompassed in S (see Equation
(7)). The terms responsible for transporting the tem-
perature away from a certain location are the advection
term, given by −v · ∇T , and the thermal conduction
term, −∇ ·q. These heating terms are calculated in the
cut plane indicated in Figure 1 and the results are shown
in Figure 6.
Early in the eruption, the heating terms evolve fairly
smoothly. At t = 171.564τA and t = 172.629τA, ra-
diative cooling is elevated at the bottom of the current
sheet, where the flare loops are. There is also elevated
radiative cooling around the erupting flux rope, but it
is quenched inside the flux rope itself because in this
region temperatures are low and subject to the broad-
ening technique used to alleviate strong gradients in the
transition region (see Section 2). The ohmic heating
dominates the current sheet region at these times (see
also Figure 7). At these times, the adiabatic term is
positive in the lower part of the current sheet, due to
compression of the plasma by the reconnection outflow
jet. Conduction is a dominant factor that acts counter
to the adiabatic and ohmic heating terms. It is well-
known that thermal conduction will produce a “thermal
halo” around a current sheet, spreading the temperature
away from areas of strong current (Yokoyama & Shibata
1997; Seaton & Forbes 2009; Reeves et al. 2010). Confir-
mation of this effect can be seen in the hot temperature
structure in Figure 5, which is much wider than the area
of strong current at the same location. For the sake of
simplicity, we don’t show the advection term in Figure
6, but it serves mostly as a cooling term in the region
of the current sheet, due to the flows and the thermal
gradient in this region.
After t = 173τA, when the dense plasmoid struc-
tures begin to be visible in the current sheet region,
the adiabatic and thermal conduction terms break up
into smaller structures there. Ohmic heating is still
important at t = 173.126τA, but it is lower in magni-
tude than the adiabatic heating at the same location.
By t = 175.251τA the ohmic heating has faded in the
current sheet region, but the adiabatic and conduction
terms remain significant. The coronal heating term is
strongest in the closed loops that make up the active
region, but plays only a minor role in the current sheet
region at the times shown. The area of strong radiation
has increased significantly at t = 175.251τA in the region
where the flare loops should be, outlining the rapid ra-
diative cooling of hot plasma that has been evaporated
into the flare loops.
Figure 7 plots the heating terms from Equation (14)
together with the temperature, density, vr, and |j| along
the dashed line shown in Figures 5 and 6. We also plot
the viscous heating due to the numerical dissipation. Lo-
cations where there are stagnation points in the radial
velocity are indicated by dashed vertical lines. Grey ver-
tical lines indicate the ends of the current sheet, defined
by a minimum in |j| at either end, as in Reeves et al.
(2010).
At t = 171.564τA, Figure 7 shows one stagnation point
dividing the two outflowing reconnection jets, which is
also clear from looking at the radial velocity term plot-
ted in the lower left of Figure 5. The current sheet is
short, with the stagnation point near the bottom. The
flux rope that becomes the CME is visible as an en-
hancement in the density that peaks at about 0.11 Rs
along the line. There are elevated temperatures between
0.02 and 0.10 Rs, with the highest temperatures below
the current sheet.
The dT/dt term is positive throughout the current
sheet, and highest above and below it, indicating that
heating is occurring in those locations. Below the cur-
rent sheet, ohmic dissipation and the coronal heating
term are contributing in approximately equal quanti-
ties to the heating of the plasma in region where flare
loops are expected to form. The adiabatic term also con-
tributes to heating below the current sheet as the radial
flows are compressed as they impinge on closed field be-
low. On the other hand, the adiabatic term cools the
plasma at and above the stagnation point as the flows
expand there. Advection removes heat from the region
of the stagnation point as hot plasma flows away from
it. Thermal conduction removes heat from the current
sheet region and deposits it above the stagnation point,
just below the flux rope. Radiation removes heat from
the cool, dense plasma beneath the current sheet, and
cools the regions around the dense flux rope.
At t = 172.629τA, the erupting flux rope has moved
higher and the current sheet has become longer. There is
10 Reeves et al.
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Figure 5. Temperature (top row), Log of density (second row), magnetic field normal to the plane (third row), current normal
to the plane (fourth row) and radial velocity (bottom row) for the cut plane (red line) defined in Figure 1, shown at different
times during the eruption. The dashed line indicates the line along which quantities are plotted in Figure 7, and crosses indicate
distances of r = 1.05, 1.10, 1.15 along the line. The insets at the last two times in the density and Bn images show details in
the current sheet region, and arrows indicate positions of “plasmoids.” The inset for the density images includes contours that
outline the plasmoids.
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Figure 6. Terms that contribute to the heat generation, loss, and transfer in the plasma: adiabatic term (top row), contribution
of ohmic heating (second row), thermal conduction (third row), coronal heating (fourth row), and radiative cooling (bottom
row) for the cut plane (red line) defined in Figure 1, shown at the same times as in Figure 5. The scale for the radiation term is
ten times smaller than the other terms so that features can be clearly seen. The dashed line and crosses have the same meaning
as in Figure 5.
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Figure 7. Plots of quantities along the dashed line in Figures 5 and 6, shown at the same times as in those figures: temperature
and density (top row), radial velocity and current (|j|) (second row), the change in the temperature (dT/dt) and source terms for
heating and cooling (third row), and heat transport terms (bottom row). Stagnation points in the radial velocity are indicated
by dashed vertical lines, and the current sheet ends are marked with grey vertical lines.
still only one stagnation point in the radial velocity sep-
arating the upwards and downwards reconnection jets.
The current has increased, and consequently the heat-
ing from the ohmic dissipation has also increased, and
it is now significant in the current sheet region. The
adiabatic, advection, conduction, and radiation terms
behave similarly as in the previous time shown in Fig-
ure 7, but they are more pronounced.
At t = 173.126τA the current sheet has started to
break up, possibly due to a plasmoid instability (e.g.
Riley et al. 2007; Shen et al. 2011). The numerical dif-
fusion starts to be significant at this time due to a com-
bination of a large νN and large stresses from shear flows
caused by the instabilities (i.e. the rate of strain tensor
eij in equation 13 is large), so quantitative values during
this phase should be taken with a grain of salt. How-
ever, qualitatively, the evolution of the physical quan-
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Figure 8. Volume contours (red/blue) of the adiabatic term, the ohmic heating term, and the thermal conduction term, in
a view with the active region rotated to the west limb, for the last three times shown in Figures 5–7. The field of view is the
same as the box on the images in Figure 3. The plane cutting through the active region is the same plane as shown in Figures
5 and 6. Values of |J |/|B| are shown in this plane. The black line indicates the line used to plot values in Figure 7. Also shown
is a iso-surface (yellow) of temperature at 2.8 MK. (An animation of this figure is available.)
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tities and the heating terms make physical sense. The
temperature and density structures in the current sheet
region are less smooth than at previous times, and there
are now multiple stagnation points in the radial velocity
along the current sheet. The first stagnation point, at
0.06 Rs, is caused by a diverging flow. There is an en-
hancement in the density structure just below the stag-
nation point, which is one of the dense plasmoids in the
current sheet seen in Figure 5. The temperature is at
a local minimum at this point. The second stagnation
point, at 0.08 Rs is due to a converging flow. There is
a local maximum in both the density and the tempera-
ture at about the same location, so the converging flow
is bringing two plasmoids together. The final stagna-
tion point is at 0.095 Rs, and like the first one, it is a
diverging flow.
The dT/dt term is positive and relatively strong from
the flare loops all the way up through the current sheet,
indicating strong heating during this phase that causes
the plasma to reach a maximum temperature of ∼5 MK
at t=173.438τA. The adiabatic term is the dominant
heating term at the converging flow stagnation point
and above and below the current sheet, where the re-
connection flows impinge on the erupting flux rope and
the reconnected flare loops, respectively. The adiabatic
term is diminished at the diverging flows, particularly
the lower one at 0.06 Rs, where the ohmic heating is
the dominant heating term. From Figure 6, we see that
there are regions of enhanced adiabatic cooling outside
the current sheet at the locations of the diverging flows,
but the ohmic heating is confined to the current sheet
itself, indicating that the adiabatic term will have ef-
fects outside the current sheet whereas the ohmic heat-
ing term will not. We note that even though there are di-
verging radial flows, the adiabatic term remains mostly
positive along a thin region underlying the line in Fig-
ure 6 because of the strong velocity gradient there due to
the converging reconnection inflows perpendicular to vr.
The line plots in Figure 7 show that thermal conduction
is working to smooth out the temperature structure in
the current sheet, adding heat at the temperature min-
ima and subtracting it at temperature maxima, and it
resembles a mirror image of the adiabatic term because
of that term’s large heating inputs. The advection term
is removing heat along most of the current sheet, and
adding it at the bottom and top of current sheet due to
the reconnection flows.
At t = 175.251τA, there are two stagnation points, a
lower one with a diverging flow, and an upper one with
a converging flow. The current sheet is quite long at
this time, but the lower tip is still relatively low in the
corona, consistent with recent theoretical calculations
from 2D models (Forbes et al. 2018). The dT/dt term
shows that the upper part of the current sheet is still
being heated a small amount, and the adiabatic term
is the dominant heating term there. Below the lower
stagnation point there is also some heating from the
adiabatic term and a small amount of ohmic heating.
Conduction removes heat from the current sheet. Below
the current sheet, the flare loops are cooling, dominated
by conduction and radiation.
4.2. 3D distribution of important energetics terms
In order to gain insight into the 3D extent and im-
portance of various heating (and cooling) terms, we plot
iso-surfaces of these terms at 0.005 and 0.01 MK s−1 (as
well as at -0.005 and -0.01 MK s−1, where appropriate)
in Figure 8. Also plotted is an iso-surface of temperature
at T=2.8 MK, shown in yellow, representing some of the
highest temperatures in the simulation. The black line
in Figure 8 is in the same location as the purple dashed
line in Figures 5 and 6. From Figure 8, it is clear that
most of the heat transport occurs near the center of the
eruption early in the event, justifying the use of the cut
planes in Figure 6. However, there is some heating that
occurs outside of the cut plane region, especially at later
times.
The first column of Figure 8 shows the iso-surfaces
of the selected heating terms at t = 172.629τA. At this
time, the ohmic dissipation term dominates the heating,
and the yellow hot-temperature iso-surface is mostly en-
compassed by the dark red ohmic heating iso-surface at
0.01 MK s−1. The thermal conduction iso-surfaces at
this time show that there is cooling flanked by two ar-
eas of heating (light red patches visible on either side of
the dark blue patch), indicating that this term is mostly
removing heat from the hot current sheet and deposit-
ing it nearby, causing the “thermal halo” effect. The
iso-surfaces of the adiabatic term at this time show a
region of heating (mostly light red, 0.005 MK s−1) low
in the eruption, coincident with the 2.8 MK temperature
iso-surface, as well as a slightly smaller region of cooling
(light and dark blue) directly above the main heating
region. There also is a small separated iso-surface of
adiabatic heating at 0.005 MK s−1 at about the same
height as the blue iso-surfaces, and to the south of the
cut plane.
The top row of Figure 9 shows the adiabatic heat-
ing iso-surfaces from a different viewpoint that is more
parallel with the polarity inversion line, along with an
image of density in the cut plane. To illustrate the
flows in the reconnection region, we have plotted veloc-
ity streamlines in the bottom row of Figure 9, colored by
their value of vr. At t = 172.629τA, the flow pattern is
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Figure 9. Top row: Volume contours (red/blue) of the adiabatic term in a view looking from the north, parallel to the polarity
inversion line, for same three times shown in Figure 8. The plane running through the active region is the same as the cut
planes used in Figures 5 and 6, and shows values of log density. Bottom row: Selected velocity streamlines for each of the three
times, colored by radial velocity, vr. Also shown is a volume contour (yellow) of temperature at 2.8 MK.
relatively simple, with upflows (purple) and downflows
(green) emanating from a stagnation point above the po-
larity inversion line. The iso-surface of adiabatic heat-
ing at this time is due to the compression from recon-
nection outflows (green vertical lines) impinging upon
closed loops below as well as compression from the re-
connection inflows (grey horizontal lines). The sepa-
rated light red iso-surface of adiabatic heating higher up
is co-located with some of the strongest radial outflows,
and the heating there is due to these large reconnection
outflows impinging upon the bottom of the flux rope and
compressing plasma there. The blue iso-surfaces repre-
senting adiabatic cooling are located at the stagnation
point above the polarity inversion line, where the recon-
nection outflows diverge.
The second column in Figure 8 shows the selected
heating terms at t = 173.126τA, when the plasmoids
start to form in the current sheet region. At this time,
the ohmic heating iso-surfaces overlap with the 2.8 MK
temperature iso-surface, but they are not completely
co-spatial with the high temperatures, with an offset
slightly to the north. Alternating red and blue contours
are seen in the adiabatic term around where the plas-
moids form along with the multiple stagnation points.
The thermal conduction term also shows alternating red
and blue iso-surfaces in roughly opposite locations to the
ones in the adiabatic term, indicating that the conduc-
tion term is removing heat where the adiabatic term is
adding it. The top middle panel of Figure 9 shows the
alternate view of the adiabatic iso-surfaces at this time,
indicating that the strong heating remains located in the
center of the active region, above the polarity inversion
line. The bottom middle panel of Figure 9 shows that
the flow field at this location has become more complex,
with upflows and downflows intermingled.
At the final time shown in Figure 8, t = 175.251τA, the
ohmic heating iso-surface and the hot temperature iso-
surface hardly overlap at all, indicating that the ohmic
dissipation in the current sheet is not the primary con-
tributor to the hot plasma in the eruption at this time.
The ohmic term is also smaller in both magnitude (light
red, 0.005 MK s−1) and spatial extent than the other
16 Reeves et al.
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Figure 10. Simulated emission for the AIA 171 A˚ (top row), AIA 335 A˚ (middle row) and XRT Thin-Be (bottom row)
channels for the same times as shown in Figures 5–7. Location ‘A’ marks the top of the flux rope, location ‘B’ marks the
legs of the erupting flux rope, location ‘C’ marks the blobs that form during the eruption, location ‘D’ marks a bright, high
supra-arcade structure between the flare loops in the XRT image, and location ‘E’ marks a narrow, thin structure extending
from the flare loops. The active region has been rotated to the limb, and the field of view is the same as that shown in Figure
8. (An animation of this figure is available.)
terms shown. The adiabatic heating is now strongest
outside of the cut plane, and there is also an extension
of the adiabatic heating iso-surface pointing out of the
page to the south of the cut plane in the view in Fig-
ure 8. The alternate view of the adiabatic iso-surfaces
in the top right panel of Figure 9 shows this geometry
more clearly, with the northern part of the active region
in the foreground and the southern part in the back-
ground. Similar to the other times shown, the thermal
conduction term shown in the lower right panel of Fig-
ure 8 is cooling in regions where the adiabatic term is
heating, and it is heating the plasma surrounding the
cooling regions. This effect is most easily seen in the
iso-surfaces extending out of the page south of the cut
plane, where a blue iso-surface can be seen sandwiched
between two red ones.
The temperature iso-surface at T=2.8 MK at t =
175.251τA shows that high temperatures reach high al-
titudes to the north of the active region center. At this
location, the iso-surfaces of the adiabatic term at 0.005
and 0.01 MK s−1 surround the yellow high temperature
iso-surface. The formation of this region of high temper-
atures corresponds in time to the rotation of the current
sheet structure shown in Figure 2 and the accompanying
movie. As this rotation progresses, the inverse S-shaped
ends of the current sheet structure become more tightly
curled. The strong temperature increase on the north
side of the active region is due to the reconnection in-
flows and downflows compressing the plasma as the mag-
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netic structures rotate and curl inward. This effect can
be seen clearly in the plot of the velocity streamlines
at this time, shown in the bottom right panel of Figure
9. Grey-colored horizontal stream lines bend into green-
colored (i.e. downflowing) streamlines at the location of
the red adiabatic iso-surface. A similar effect exists in
the southern part of the active region, but because of
the asymmetries in the active region field, the current
sheet bends over and the adiabatic compression stays
lower in height than in the north. It is also notable that
the stagnation point is much lower in the southern part
of the active region, so that down flows are confined to
lower heights and only upflowing (purple) velocities are
visible from the viewpoint shown in Figure 9.
5. EUV AND X-RAY EMISSION
We simulate the emission from this model in band-
passes from the X-Ray Telescope (XRT; Golub et al.
2007) on Hinode and the Atmospheric Imaging Assem-
bly (AIA; Lemen et al. 2012) on the Solar Dynamics
Observatory. The emission can be calculated using the
equation
I =
∫
n2e(l)fi(T (l), ne(l))dl (15)
where ne is the electron density, T is the temperature, fi
is the instrument response function, and l is the line of
sight. The instrument response functions for XRT and
AIA are provided in the SolarSoftware (SSW Freeland
& Handy 1998) IDL distribution. The results are shown
in Figure 10 and the accompanying movie. We show
the simulated AIA 335 A˚ emission because its tempera-
ture response (which peaks around 2.5 MK) is the best
suited to show the hottest features (∼ 3 MK) in the
eruption. The XRT Thin-Be filter also shows the hot
features nicely because of its broad temperature cover-
age. We also show the AIA 171 A˚ emission for compar-
ison with a cool channel.
In the initial panels in Figure 10, the most prominent
feature is a sheath of material at coronal temperatures
that surrounds the cooler flux rope (marked as ‘A’ in
Figure 10). As the eruption progresses, the legs of the
CME (marked as ‘B’) are visible in the AIA channels,
though this emission dissipates by the time shown in
the last column of Figure 10. The simulated XRT im-
ages clearly show the hot structures associated with the
flare below the erupting flux rope. The XRT image at
t = 173.126τA also shows some bright blobs in intensity,
marked as location ‘C’. The movie accompanying Fig-
ure 10 shows these blobs traveling both up and down in
the XRT and AIA 335 A˚ images between t = 173.126τA
and t = 175.251τA. Additionally, there are some bright
blobs that are seen traveling upward in both of the AIA
filters late in the movie. In the final column, the XRT
image shows a structure in between the flare loops that
reaches higher in the corona than the other flare struc-
tures (location ‘D’). This structure is faintly visible in
the AIA 335 A˚ image, and the AIA 171 A˚ image shows
a decrease in intensity at this location (see arrows in
the last column of Figure 10). There is also a long and
narrow bright structure emanating from the northern-
most set of flare loops seen in the XRT image at this
time (location ‘E’). Similar structures have often been
identified as the flare current sheet by observers, and
have been used to estimate the properties of the current
sheet such as its width (e.g. Warren et al. 2018; Yan
et al. 2018; Savage et al. 2010).
The middle panel in Figure 11 shows the XRT im-
age at t = 173.126τA with an inverted color scale to
highlight the location of the blobs. At this time current
sheet starts to break up, and the intensity blobs seen in
the simulated XRT image are due to dense plasmoid-like
structures forming in the current sheet. The left panel of
Figure 11 shows volume contours of density for plasma
with temperatures restricted to the range of 2-3.5 MK.
The right panel is an overlay of these two images, show-
ing that the intensity enhancements in the XRT image
correspond to the areas of enhanced density. The blobs
are not visible in the AIA 335 A˚ because they are ob-
scured by cooler structures (visible in the 171 A˚ image
as well) along the line of sight. These structures are too
cool to be seen in the XRT passband, so the blobs show
most clearly in the XRT intensity image.
The middle panel in Figure 12 shows an inverted color
scale XRT image late in the eruption, at t = 175.251τA.
In this image, the long, thin structure at the top of the
northern set of flare loops (labeled ‘E’ in Figure 10)
is quite noticeable. The left panel of the figure shows
a temperature iso-surface at T=2.8 MK (yellow) along
with an iso-surface of |J |/|B| (purple), indicating the
location of the current sheet. Note that the |J |/|B| iso-
surface has a similar structure to that of the iso-surface
of the adiabatic compression (red) in the upper right
panel of Figure 8, complete with a structure that ex-
tends out of the page in the south. The right panel
shows an overlay of these two images. From this image,
it can be seen that the tall structure labeled ‘D’ in Fig-
ure 10 overlaps with the volume contour of temperature
at 2.8 MK. The long, thin spire of XRT emission at the
top of the northern loops (labeled ‘E’ in Figure 10) is
aligned with one edge of the current sheet, where it folds
over on itself. However, the extent of the current sheet,
which is a 3D structure that curves around the yellow
high temperature iso-surface, is not evident in the XRT
emission. Therefore long, thin emission features do not
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Figure 11. Left panel: Density contours for plasma with temperatures of 2 - 3.5 MK for time t = 173.126τA. Middle panel:
Simulated XRT Be thin image with an inverted color scale for the same time. Right panel: Overlay of the two panels.
necessarily outline the entirety of the current sheet, and
should be treated with caution in observations.
6. DISCUSSION AND CONCLUSIONS
In this paper, we analyze plasma heating in the flare
current sheet of a simulated solar eruption and we pro-
duce synthetic XRT and AIA images to understand how
the structures around the current sheet manifest in satel-
lite observations. Our main findings are:
1. Ohmic heating is an important contributor to
plasma heating in the current-sheet region early in
the eruption. After the onset of the tearing insta-
bility and plasmoid formation, adiabatic compres-
sion becomes the dominant heating mechanism;
2. Thermal conduction transports thermal energy
away from the current-sheet region throughout the
reconnection process, widening the region of high
temperatures;
3. Simulated XRT emission shows a faint, high-
altitude structure above the flare loops (location
‘D’ in Figure 10) in the late phase of the eruption
that corresponds to plasma heated through adia-
batic compression. This structure is equivalent to
the supra-arcade plasma sheet sometimes seen in
observations of long duration events;
4. The thin feature seen in the simulated XRT emis-
sion at the top of cusp-shaped loops (location ‘E’
in Figure 10) may be interpreted to outline the lo-
cation and orientation of the flare current sheet.
However, while this feature is indeed co-spatial
with one edge of the highly curved current sheet,
it outlines only a very small fraction of it.
Early in the simulated eruption, the ohmic dissipation
is the dominant heating mechanism in the current sheet
region. The strongest heating due to the ohmic dissi-
pation occurs in the center of the active region, along
the spine of the inverse S-shaped region of the current
sheet. In the middle stages of the eruption, the current
sheet decreases in strength in the center of the active re-
gion and increases in the northern and southern regions,
where it wraps around the legs of the CME flux rope.
At this time, the location of the strongest ohmic dissipa-
tion has moved northward, indicating that the currents
are somewhat stronger around the northern leg, which
is likely a consequence of the asymmetric eruption. In
the later phase of the eruption, the ohmic dissipation de-
creases and becomes insignificant compared to the heat-
ing caused by the adiabatic compression.
The current sheet remains intact in the early phase
of the simulated eruption, but later on it breaks up,
presumably due to the plasmoid instability, and a few
plasmoid-like features are seen. Once the plasmoids
form, heating from adiabatic compression becomes im-
portant, as shown in Figure 8. Simulations of recon-
nection (e.g. Bhattacharjee et al. 2009; Nishida et al.
2009) and laboratory reconnection experiments (e.g.
Jara-Almonte et al. 2016) have shown that the forma-
tion of plasmoids increases the reconnection rate, and
hence the inflow velocity to the current sheet. Larger
inflows lead to larger velocity gradients, since the in-
flow velocity goes to zero at the center of the current
sheet. The onset of the plasmoid instability therefore
increases the heating of the surrounding plasma by adi-
abatic compression as the inflow velocity increases. We
find observational signatures for the plasmoids in the
form of bright blobs that are visible in the simulated
XRT emission (see Figure 11).
The strong adiabatic heating in the late phase of the
eruption is similar to the effect described in Birn et al.
(2009), where adiabatic compression causes heating in
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Figure 12. Left panel: Isovolume contours |J |/|B| (purple) and the temperature (yellow) for time t = 175.251τA. Middle
panel: Simulated XRT Be thin image with an inverted color scale for the same time. Right panel: Overlay of the two panels.
layers along the current sheet. In our simulation, heat is
transported away from the current sheet also by thermal
conduction, which was not included in the simulations
by Birn et al. (2009). We find that elevated tempera-
tures above the flare loops are only seen in the northern
part of the active region, however, because strong re-
connection outflows in the current sheet in the southern
part of the active region allow the heat to be advected
upward, away from the loops, similar to the effect seen
in the advection term in Figure 7 at t = 173.136τA.
The sustained heating due to adiabatic compression
late in the event at t = 175.251τA leads to hot (∼3 MK)
plasma that manifests as supra-arcade emission in the
XRT Be-Thin filter (see the feature marked ‘D’ in Figure
10). This emission feature is less pronounced in the AIA
335 A˚ and 171 A˚ channels, and completely absent in the
AIA 131 A˚ and 94 A˚ channels (not shown), which are
sensitive to hotter temperatures. Another observational
manifestation of the adiabatic compression near the cur-
rent sheet is a bright, linear feature in the simulated
XRT emission (see the feature marked ‘E’ in Figure 10).
This emission is not from particularly hot plasma, but
rather from plasma that has been compressed by recon-
nection inflows up against the current sheet. Because
the plasma is optically thin, the emission is enhanced
in places where the current sheet bends around itself.
The bright, linear emission feature formed by this over-
lap is co-spatial with the current sheet (Figure 12), but
it is not indicative of the entire extent of the current
sheet. Rather, this feature is formed due to a combina-
tion of adiabatic compression around the current sheet
and line-of-sight effects conspiring to form a thin feature
of emission. This result indicates that real 3D flare cur-
rent sheets can be complex, and that emission images
may outline only a small fraction of their total extent.
This finding shows that linear features observed in ob-
servations should not necessarily be assumed to encom-
pass the entire current sheet, and the 3D geometry of
the erupting region should be considered.
Hot supra-arcade plasma sheets are often observed in
the late phase of long-duration solar flares (e.g. McKen-
zie & Hudson 1999; Innes et al. 2003; Reeves & Golub
2011; Savage et al. 2012; Hanneman & Reeves 2014;
Reeves et al. 2017), and these structures persist for much
longer than the conductive cooling time (Reeves et al.
2017). This observation indicates that either some con-
tinual heating is occurring, or that thermal conduction
is somehow suppressed. Based on the simulation re-
sults described here, we suggest that there may be ad-
ditional heating in regions where supra-arcade plasma
sheets are observed, due to adiabatic compression as
fast reconnection continues in the current sheet late in
the eruption. This mechanism would be consistent with
spectroscopic observations that show that post-eruption
current sheet regions have coronal abundances (Landi
et al. 2012; Warren et al. 2018) rather than photospheric
abundances, which is what would be expected in a chro-
mospheric evaporation type mechanism.
It is worth noting that we have assumed ionization
equilibrium for the calculation of our synthetic emission
images. Non-equilibrium effects could change the inten-
sities to some degree, especially in the supra-arcade re-
gion where the plasma is less dense than in the flare
loops. Results obtained from a 2D thermodynamic
MHD CME simulation have shown that non-equilibrium
ionization effects can cause emission to be underesti-
mated low down in the current sheet region, and to be
overestimated higher up (Shen et al. 2013). We plan
to examine the effects of non-equilibrium ionization on
the emission properties in CME simulations in the fu-
ture by using an in-line calculation of ionization states
during the solution of the MHD equations, a feature
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that has been implemented in the MAS model (Lionello
et al. 2019). This exercise will also be useful for model-
ing in situ elemental and composition measurements of
flux rope ICMEs (e.g. Lepri & Zurbuchen 2010; Reinard
et al. 2012; Rivera et al. 2019), an endeavor previously
only attempted with post facto ionization calculations in
2D simulations (Lynch et al. 2011), or highly idealized
3D configurations (Rakowski et al. 2011).
The eruption studied here is not very energetic, so the
maximum plasma temperatures (∼3-5 MK) are not very
high with respect to typical flare temperatures, which
have been observed to reach tens of MK. We plan to ap-
ply a similar analysis to more energetic simulated erup-
tions in the future, (such as the one presented in To¨ro¨k
et al. 2018). We note that MHD simulations cannot
capture the contributions of accelerated particles to the
energy dissipation and transport, which are important
during the impulsive phase of large flares (Emslie et al.
2005; Aschwanden et al. 2017). Despite this restriction,
simulations like the one presented here can provide very
useful information on the mechanisms and locations of
thermal energy release and transport in solar eruptions.
ACKNOWLEDGEMENTS
The authors would like to thank the anonymous ref-
eree for comments that improved this paper. KKR
would like to thank Cooper Downs for his help with
some of the MAS diagnostic tools. The work of KKR for
this project is supported by the NSF SHINE program,
grants AGS-1156076, AGS-1460165, and AGS-1723425.
NAM acknowledges support from the NSF SHINE pro-
gram, grant AGS-1156076 and the U.S. Department
of Energy, Office of Science, Fusion Energy Sciences
program under Award Number DE-SC0016363 awarded
through the NSF-DOE Partnership in Basic Plasma Sci-
ence and Engineering. TT was supported by NASA’s
LWS program (Award Number NNH13ZDA001N), and
JL and ZM acknowledge support from AFOSR (con-
tract FA9550-15-C-0001) and NASA LWS (Award Num-
ber NNH14CK98C). Computational resources were pro-
vided by the NSF XSEDE program (at the Texas Ad-
vanced Computing Center and the San Diego Supercom-
puter Center) and the NASA Advanced Supercomputing
Division at Ames Research Center. Hinode is a Japanese
mission developed and launched by ISAS/JAXA, with
NAOJ as domestic partner and NASA and STFC (UK)
as international partners. It is operated by these agen-
cies in co-operation with ESA and NSC (Norway). This
work has benefited from the use of NASA’s Astrophysics
Data System.
REFERENCES
Amari, T., Aly, J.-J., Mikic, Z., & Linker, J. 2010, ApJL,
717, L26, doi: 10.1088/2041-8205/717/1/L26
Aschwanden, M. J., Caspi, A., Cohen, C. M. S., et al. 2017,
ApJ, 836, 17, doi: 10.3847/1538-4357/836/1/17
Athay, R. G. 1986, ApJ, 308, 975, doi: 10.1086/164565
Attrill, G., Nakwacki, M. S., Harra, L. K., et al. 2006,
SoPh, 238, 117, doi: 10.1007/s11207-006-0167-5
Bhattacharjee, A., Huang, Y.-M., Yang, H., & Rogers, B.
2009, Physics of Plasmas, 16, 112102,
doi: 10.1063/1.3264103
Bisi, M. M., Breen, A. R., Jackson, B. V., et al. 2010,
SoPh, 265, 49
Birn, J., Fletcher, L., Hesse, M., & Neukirch, T. 2009, ApJ,
695, 1151, doi: 10.1088/0004-637X/695/2/1151
Chen, P. F., Fang, C., Tang, Y. H., & Ding, M. D. 1999,
ApJ, 513, 516, doi: 10.1086/306823
Chen, P. F., & Shibata, K. 2000, ApJ, 545, 524,
doi: 10.1086/317803
Cohen, O., Sokolov, I. V., Roussev, I. I., et al. 2008,
Journal of Atmospheric and Solar-Terrestrial Physics, 70,
doi: 10.1016/j.jastp.2007.08.065
Dacie, S., To¨ro¨k, T., De´moulin, P., et al. 2018, ApJ, 862,
117, doi: 10.3847/1538-4357/aacce3
Emslie, A. G., Dennis, B. R., Holman, G. D., & Hudson,
H. S. 2005, Journal of Geophysical Research (Space
Physics), 110, 11103, doi: 10.1029/2005JA011305
Fan, Y. 2011, ApJ, 740, 68,
doi: 10.1088/0004-637X/740/2/68
—. 2016, ApJ, 824, 93, doi: 10.3847/0004-637X/824/2/93
Fan, Y., & Gibson, S. E. 2003, ApJL, 589, L105,
doi: 10.1086/375834
—. 2004, ApJ, 609, 1123, doi: 10.1086/421238
—. 2007, ApJ, 668, 1232, doi: 10.1086/521335
Forbes, T. G. 2000, J. Geophys. Res., 105, 23153,
doi: 10.1029/2000JA000005
Forbes, T. G., & Acton, L. W. 1996, ApJ, 459, 330,
doi: 10.1086/176896
Forbes, T. G., Seaton, D. B., & Reeves, K. K. 2018, ApJ,
858, 70, doi: 10.3847/1538-4357/aabad4
Freeland, S. L., & Handy, B. N. 1998, SoPh, 182, 497,
doi: 10.1023/A:1005038224881
Gibson, S. E., Foster, D., Burkepile, J., de Toma, G., &
Stanger, A. 2006, ApJ, 641, 590, doi: 10.1086/500446
Plasma Heating in the Current Sheet in a 3D CME Simulation 21
Golub, L., Deluca, E., Austin, G., et al. 2007, SoPh, 243,
63, doi: 10.1007/s11207-007-0182-1
Green, L. M., Kliem, B., To¨ro¨k, T., van Driel-Gesztelyi, L.,
& Attrill, G. D. R. 2007, SoPh, 246, 365,
doi: 10.1007/s11207-007-9061-z
Green, L. M., To¨ro¨k, T., Vrsˇnak, B., Manchester, W., &
Veronig, A. 2018, Space Science Reviews, 214, 46,
doi: 10.1007/s11214-017-0462-5
Hanneman, W. J., & Reeves, K. K. 2014, ApJ, 786, 95,
doi: 10.1088/0004-637X/786/2/95
Hirose, S., Uchida, Y., Uemura, S., Yamaguchi, T., &
Cable, S. B. 2001, ApJ, 551, 586, doi: 10.1086/320084
Hollweg, J. V. 1978, Reviews of Geophysics and Space
Physics, 16, 689, doi: 10.1029/RG016i004p00689
Innes, D. E., McKenzie, D. E., & Wang, T. 2003, SoPh,
217, 267, doi: 10.1023/B:SOLA.0000006874.31799.bc
Isenberg, P. A., & Forbes, T. G. 2007, ApJ, 670, 1453,
doi: 10.1086/522025
Jara-Almonte, J., Ji, H., Yamada, M., Yoo, J., & Fox, W.
2016, PhRvL, 117, 095001,
doi: 10.1103/PhysRevLett.117.095001
Karpen, J. T., Antiochos, S. K., & DeVore, C. R. 2012,
ApJ, 760, 81, doi: 10.1088/0004-637X/760/1/81
Kliem, B., To¨ro¨k, T., & Thompson, W. T. 2012, SoPh, 281,
137, doi: 10.1007/s11207-012-9990-z
Landi, E., Raymond, J. C., Miralles, M. P., & Hara, H.
2012, ApJ, 751, 21, doi: 10.1088/0004-637X/751/1/21
Lemen, J. R., Title, A. M., Akin, D. J., et al. 2012, SoPh,
275, 17, doi: 10.1007/s11207-011-9776-8
Lepri, S. T., & Zurbuchen, T. H. 2010, ApJL, 723, L22
Lin, J., & Forbes, T. G. 2000, J. Geophys. Res., 105, 2375,
doi: 10.1029/1999JA900477
Lin, J., Forbes, T. G., & Isenberg, P. A. 2001,
J. Geophys. Res., 106, 25053, doi: 10.1029/2001JA000046
Linker, J. A., Lionello, R., Mikic´, Z., & Amari, T. 2001,
J. Geophys. Res., 106, 25165, doi: 10.1029/2000JA004020
Linker, J. A., & Mikic´, Z. 1997, in Geophys. Monogr. 99:
Coronal Mass Ejections, AGU, Washington, ed.
N. Crooker, J. Joselyn, & J. Feynman, 269–278
Linker, J. A., Mikic´, Z., Lionello, R., et al. 2003, Physics of
Plasmas, 10, 1971, doi: 10.1063/1.1563668
Lionello, R., Downs, C., Linker, J. A., et al. 2019, SoPh,
294, 13
Lionello, R., Linker, J. A., & Mikic´, Z. 2001, ApJ, 546, 542,
doi: 10.1086/318254
—. 2009, ApJ, 690, 902, doi: 10.1088/0004-637X/690/1/902
Lionello, R., Mikic´, Z., & Linker, J. A. 1999, Journal of
Computational Physics, 152, 346,
doi: 10.1006/jcph.1999.6250
Liu, L., Cheng, X., Wang, Y., & Zhou, Z. 2019, arXiv
e-prints, arXiv:1908.06360
Lo´pez Ariste, A., Aulanier, G., Schmieder, B., & Sainz
Dalda, A. 2006, A&A, 456, 725
Lynch, B. J., Reinard, A. A., Mulligan, T., et al. 2011,
ApJ, 740, 112
Magara, T., Mineshige, S., Yokoyama, T., & Shibata, K.
1996, ApJ, 466, 1054, doi: 10.1086/177575
McKenzie, D. E., & Hudson, H. S. 1999, ApJL, 519, L93,
doi: 10.1086/312110
Mikic´, Z., & Linker, J. A. 1994, ApJ, 430, 898,
doi: 10.1086/174460
Mikic´, Z., Linker, J. A., Schnack, D. D., Lionello, R., &
Tarditi, A. 1999, Physics of Plasmas, 6, 2217,
doi: 10.1063/1.873474
Mikic´, Z., To¨ro¨k, T., Titov, V., et al. 2013, in Solar Wind
13, Vol. 1539, 42–45, doi: 10.1063/1.4810985
Nishida, K., Shimizu, M., Shiota, D., et al. 2009, ApJ, 690,
748, doi: 10.1088/0004-637X/690/1/748
Rakowski, C. E., Laming, J. M., & Lyutikov, M. 2011, ApJ,
730, 30
Reinard, A. A., Lynch, B. J., & Mulligan, T. 2012, ApJ,
761, 175
Reeves, K. K., & Forbes, T. G. 2005, ApJ, 630, 1133,
doi: 10.1086/432047
Reeves, K. K., Freed, M. S., McKenzie, D. E., & Savage,
S. L. 2017, ApJ, 836, 55,
doi: 10.3847/1538-4357/836/1/55
Reeves, K. K., & Golub, L. 2011, ApJL, 727, L52,
doi: 10.1088/2041-8205/727/2/L52
Reeves, K. K., Linker, J. A., Mikic´, Z., & Forbes, T. G.
2010, ApJ, 721, 1547,
doi: 10.1088/0004-637X/721/2/1547
Reeves, K. K., Seaton, D. B., & Forbes, T. G. 2008, ApJ,
675, 868, doi: 10.1086/526336
Reeves, K. K., Warren, H. P., & Forbes, T. G. 2007, ApJ,
668, 1210, doi: 10.1086/521291
Riley, P., Lionello, R., Mikic´, Z., et al. 2007, ApJ, 655, 591,
doi: 10.1086/509913
Rivera, Y. J., Landi, E., Lepri, S. T., & Gilbert, J. A. 2019,
ApJ, 874, 164
Savage, S. L., McKenzie, D. E., & Reeves, K. K. 2012,
ApJL, 747, L40, doi: 10.1088/2041-8205/747/2/L40
Savage, S. L., McKenzie, D. E., Reeves, K. K., Forbes,
T. G., & Longcope, D. W. 2010, ApJ, 722, 329,
doi: 10.1088/0004-637X/722/1/329
Savcheva, A., Pariat, E., van Ballegooijen, A., Aulanier, G.,
& DeLuca, E. 2012, ApJ, 750, 15,
doi: 10.1088/0004-637X/750/1/15
22 Reeves et al.
Savcheva, A. S., McKillop, S. C., McCauley, P. I., Hanson,
E. M., & DeLuca, E. E. 2014, SoPh, 289, 3297,
doi: 10.1007/s11207-013-0469-3
Seaton, D. B., & Forbes, T. G. 2009, ApJ, 701, 348,
doi: 10.1088/0004-637X/701/1/348
Shen, C., Lin, J., & Murphy, N. A. 2011, ApJ, 737, 14,
doi: 10.1088/0004-637X/737/1/14
Shen, C., Reeves, K. K., Raymond, J. C., et al. 2013, ApJ,
773, 110, doi: 10.1088/0004-637X/773/2/110
Thompson, B. J., Plunkett, S. P., Gurman, J. B., et al.
1998, Geophys. Res. Lett., 25, 2465,
doi: 10.1029/98GL50429
Titov, V. S., Mikic, Z., Linker, J. A., & Lionello, R. 2008,
ApJ, 675, 1614, doi: 10.1086/527280
Titov, V. S., Priest, E. R., & Demoulin, P. 1993, A&A, 276,
564
To¨ro¨k, T., Berger, M. A., & Kliem, B. 2010, A&A, 516,
A49, doi: 10.1051/0004-6361/200913578
To¨ro¨k, T., & Kliem, B. 2005, ApJL, 630, L97,
doi: 10.1086/462412
To¨ro¨k, T., Downs, C., Linker, J. A., et al. 2018, ApJ, 856,
75, doi: 10.3847/1538-4357/aab36d
Ugai, M. 2007, Physics of Plasmas, 14, 102904,
doi: 10.1063/1.2789982
van Ballegooijen, A. A. 2004, ApJ, 612, 519,
doi: 10.1086/422512
van Ballegooijen, A. A., & Martens, P. C. H. 1989, ApJ,
343, 971, doi: 10.1086/167766
Warren, H. P., Brooks, D. H., Ugarte-Urra, I., et al. 2018,
ApJ, 854, 122, doi: 10.3847/1538-4357/aaa9b8
Webb, D. F., Lepping, R. P., Burlaga, L. F., et al. 2000,
J. Geophys. Res., 105, 27251, doi: 10.1029/2000JA000021
Wu, C.-C., Fry, C. D., Wu, S. T., Dryer, M., & Liou, K.
2007, Journal of Geophysical Research (Space Physics),
112, A09104, doi: 10.1029/2006JA012211
Yan, X. L., Yang, L. H., Xue, Z. K., et al. 2018, ApJ, 853,
L18, doi: 10.3847/2041-8213/aaa6c2
Yokoyama, T., & Shibata, K. 1997, ApJL, 474, L61+,
doi: 10.1086/310429
—. 1998, ApJ, 494, L113, doi: 10.1086/311174
—. 2001, ApJ, 549, 1160, doi: 10.1086/319440
